We present the first energy and angle resolved measurements of e + e − -pairs emitted from heavy nuclei (Z ≥ 40) at rest by internal pair conversion ( 
Introduction
Although known since the 1930's as one of the elementary decay channels of exited nuclear states with transition energies of more than 2m e c 2 = 1.022 MeV [1, 2] , only limited theoretical and very limited experimental investigations of this process have been carried out in the following years. Theoretical results concerning the angular correlation of the e + e − -pairs were mainly based on Born approximation and thus valid only for pointlike low-Z nuclei and/or transition energies much higher than the threshold of 1.022 MeV [3, 4, 5, 6, 7, 8] . Only in the early 1990's more theoretical effort yielded results valid also for finite size nuclei and low transition energies (below twice the threshold) at least for electrical multipole transitions [9] . Correct treatment of magnetic transitions was achieved only recently [10] , and the results for angular correlations are presented here.
Very few experimental results on IPC are published, and most of them on total IPC coefficients only, derived from the integral e + yield [11] . However, one very early experiment [12, 13] already measured the angular correlation for the 6 MeV E1 transition in 16 O, but without any energy measurement. This and other transitions of even higher energies in light nuclei have been measured recently [14] both energy and angle resolved. The results were in reasonable agreement with Born approximation, as expected, since this approximation should be valid for these cases. However, e + e − -pairs emitted via IPC from heavy nuclei are of considerable interest, since IPC is the only known source of e + e − -pairs with a sharp sum energy. Narrow lines with sum energies (E Σ = E e + + E e − ) in the range 500 keV ≤ E Σ ≤ 800 keV have been found in heavy-ion experiments around the Coulomb barrier at GSI [15, 16, 17, 18, 19, 20, 21] . The angular correlation of the emitted leptons is of particular interest, since the response of the various setups depends strongly on it.
Prior to this work, no data have been available. Additionally, the most recent theoretical results shown below should be tested experimentally.
Theory of internal pair conversion
The angular correlation of electron-positron pairs emitted by internal pair conversion (multipolarity L > 0) can be expressed in terms of Legendre polynomials [22] 
The differential pair conversion coefficient dβ dE and the anisotropy coefficients a i are calculated numerically. The calculation is performed using DWBA, i.e., the electron and positron wave functions are taken to be the exact scattering solutions of the Dirac equation for the Coulomb potential of an extended nucleus [23] . The differential pair conversion coefficient and the anisotropy coefficients depend therefore on the nuclear charge number, as well as on the nuclear transition energy and the multipolarity and parity of the nuclear transition. Thus, the calculation goes beyond the Born approximation, where electron and positron wave functions are considered as plane waves [5] .
is also tabulated in [10] . and a transition energy of 1.77 MeV. The energy difference E ∆ = E e + − E e − amounts to 150 keV, which corresponds to the experimental data presented in this work (see Fig.   10 below). The calculation was performed assuming a point-like nucleus (dashed curve)
as well as an extended nucleus (full curve). The point nucleus approximation is not very realistic for magnetic pair conversion in highly-charged nuclei since it overestimates the pair emission rate. Finally the dotted curve corresponds to the result obtained within the plane wave Born approximation [5] , which displays the typical forward-peaked behaviour previously expected for the pair emission. For high nuclear charge numbers, the angular correlation deviates strongly from the Born approximation result. The pair emission occurs then nearly isotropic. This behaviour is elucidated by Fig. 2 , which depicts the angular correlation, assuming a 1.77 MeV M1 transition with symmetric splitting of the transition energy on the electron and the positron and various nuclear charge numbers.
Also in the case of electric monopole pair conversion (denoted as E0 pair conversion) the angular correlation deviates from the Born approximation result if one takes full account of the nuclear charge number [22] . The angular correlation is then written as
Again the differential pair conversion coefficient dη dE and the anisotropy coefficient ǫ are computed numerically by employing the scattering solutions of the Dirac equation and assuming an extended nucleus. Using these Coulomb-distorted plane waves [23] internal pair conversion results in a strong dependence on the nuclear charge number. In Fig. 3 the anisotropy coefficient is plotted versus the kinetic positron energy for the 1.76 MeV E0 transition in Zr (Z = 40) (full curve) and U (Z = 92) (dotted curve). If the nuclear charge number is increased the angular correlation starts to deviate from the Born approximation result [1] (dashed curve) and becomes more isotropic.
Experimental setup
As in the heavy-ion experiments [19, 24, 25] , we use two identical iron-free, orange-type β-spectrometers [26] , facing each other with a common object point, at which a target wheel is placed (Fig. 4) The opening angle of the e + e − -pair, Θ e + e − , is measured directly within a range of 40
• −
180
• in the laboratory. Using the φ-separation of the PAGODA's, this range can be subdivided into ten angular bins (see table 1 ) with centroids in the range Θ e + e − = 70
These angular bins cover the same solid angle of 0.62 sr 2 , except the first and last, which cover only half of this value. This is due to simple combinatorics: for each of the angular bins all combinations between e + and e − PAGODA columns with the same |∆φ| are put together. For |∆φ|=0
• and 180
• only one column on the other PAGODA contributes, but for e.g. |∆φ|=20
• both signs are possible and two columns of the other PAGODA contribute to this Θ e + e − -bin. The values given in table 1 have been calculated via a Monte Carlo simulation, which takes into account a realistic source spot size and the shadowing of the coils via ray tracing. The same code, but extended to handle the angular correlation of the emitted pairs, small-angle scattering and energy loss in the source, was also used for results shown later in this paper.
Each pagoda array covers a maximum momentum acceptance of ∆p/p =30% which corresponds to an energy interval of ∆E ∼150 keV at a lepton energy of 300 keV. Within this momentum interval, the full-energy peak efficiency is 10% and 11% of 4π, for electrons and positrons, respectively (see also Ref. [25] ).
To cover an area in the E Σ -E ∆ plane larger than given by the momentum acceptance of the spectrometers, the spectrometer currents are stepped up and down in a correlated manner, where each step is done after the same live-time interval. Thus an intrinsic correction for dead time effects due to different count rates is achieved.
Under the assumption, that the θ-dependant longitudinal dispersion of the spectrometers cancels, the pair detection efficiency of the double-ORANGE setup can be written as follows:
where C spec is the detection efficiency of the spectrometers for isotropic emission, depending on energy distribution and spectrometer current sweep, and C angle depends on the angular correlation of the leptons. However, for any given angular correlation, the relative number of counts in every angular bin of the setup does not depend on energy distribution or spectrometer fields. The angular correlation can thus be deduced from the relative intensities alone. The above mentioned assumption is justified, if leptons entering the spectrometers at any accepted angle θ from the axis and passing the spectrometer will hit any of the pagoda's detectors. For a given, fixed spectrometer current this is true for the flat top of the efficiency of ∆p p ≈ 30%. At the edges of the flat top the efficiency drops fast to zero, and the efficiency in this case depends on θ. When the spectrometers are used in current sweep mode, the flat top region is extended over the whole acceptance range covered, and a θ dependance is present only at the steep edges.
Experimental results
With the setup described above we investigated the 1. (Fig. 6a) . However, the chance coincidence background can be determined quantitatively and subtraction yields the pure IPC spectrum (Fig. 6b ). This spectrum is essentially background-free with a ratio of counts in the line (FWHM 15.5 keV) to the 2 A very small part actually decays via multiple γ emission. The strongest of these branches emits two γ's back to back [27] . There is even a report of a very weak single-gamma branch [28] , made possible by coupling to the atomic shell electrons 3 Our thanks to Dr. Brüchle and Co-workers, GSI Nuclear Chemistry Division, for the production of this source rest of the spectrum of 5.7:1. The tail on the low energy side is due to a small part of not suppressed backscattered leptons on either side.
The high statistics in this experiment allows us to subdivide the data into 17 E ∆ intervals of 66 keV width and the ten opening angle bins of our spectrometer. Theory predicts for this E0 transition an angular correlation of the form
where a is given by the conversion coefficient, source strength, detection efficiency and duration of the measurement. To determine the angular correlation coefficient ǫ the above given function is fitted to the measured data for each E ∆ bin (Fig 7a) , multiplying the first and last bin by two to correct for the smaller solid angle (rf. section 3). However, the measured angular correlation includes also some small-angle scattering of the leptons in the source. To account for this the theoretical results were folded with small-angle scattering and the experimental response via a Monte Carlo simulation. The result of the simulation was fitted in the same manner as the measured data (Fig. 7b) . Now the two values for ǫ can be compared. The effective source thickness of 550 µg/cm 2 was calculated from the known thickness of the foils and with the assumption that the source material is pure. However, since the purity and the mean size of the crystallites of the active material are not well known, only a upper limit of about 1500 µg/cm 2 can be given.
In Figure 8 we compare the anisotropy coefficients ǫ determined from the measurement bins. Due to the low rates practically no chance coincidences occur in this measurement, and the measured e + e − sum energy spectrum shown in Fig. 9 is again of the same quality as that of Fig. 6b .
However, even the low statistics of this measurement allows us to subdivide into the ten opening angle bins and determine the angular correlation of the pairs. The theoretical prediction for I(Θ e + e − ) is in this case more complex, but the form given in eq. 4 is the first order in a cos(Θ e + e − ) expansion of the correct result, so again the same fitting procedure can be used. As can be seen in Fig. 10 , the situation is very different from the E0 case reported in the last section: while for the E0 case the intensity decreases for larger Θ e + e − values, in this case the intensity increases in the Θ e + e − range covered by our setup, thus yielding a negative value of ǫ = −0.12 ± 0.06 for the anisotropy coefficient. This is in strong disagreement with the theoretical results derived using the Born approximation, but in good agreement with the most recent theoretical results (see Fig. 1 ).
These new results have some impact on estimates for the expected strength of the accompanying γ line, if some of the previously reported sum energy lines found in heavy ion experiments could be explained by IPC processes. According to these findings the pair efficiency of our setup is much higher for angular correlations having the pattern of the M1 case than for angular correlations derived from Born approximation. This is particularly true for lines appearing only in the 180
• bin of the setup, where the Doppler shifts of the two leptons almost cancel: For this specific situation the detection efficiency is an order of magnitude larger for ǫ = −0.12 than for ǫ = 1. We would thus expect a factor of ten weaker γ line for ǫ = −0.12 than in the old estimate [24] . Only a detailed re-analysis of the old data [24] can clarify whether IPC could be the origin of these weak lines. It should 4 No 207 Bi source material was commercially available to produce a much stronger source in the same way as with 90 Sr be noted in this context that recent results, obtained from high-resolution Doppler-shift spectroscopy in heavy-ion collisions at the Coulomb barrier, have indeed revealed that weak e + e − -sum-energy lines from IPC transitions of moving emitters can appear in the measured spectra [34] .
Summary
The measurements presented in this work prove the capability of our setup to detect the sharp e + e − sum energy line of the IPC decay of excited heavy nuclei despite the several orders of magnitude more intense background of electrons and γ rays from the same source.
The measurement with the 90 Sr source clearly shows that this is even the case for very high count rates in the MHz range on the electron detectors, as they are typical also for in-beam measurements (see e.g. Ref. [25] ).
The results of the first energy and angle resolved measurements of IPC pairs -made more than 60 years after the first theoretical prediction of this decay branch-prove that Born approximation is not suitable for the treatment of IPC transitions of only a few times the threshold in heavy nuclei even for the most simple E0 case and by no means for magnetic multipole transitions. The theoretical results for the angular correlation presented here, taking into account all relativistic corrections, the finite size of the nucleus and also the magnetic substates for magnetic transitions, are in agreement with the experimental results shown in this paper. The combined theoretical and experimental efforts of our groups have thus led to a better understanding of a fundamental decay channel of excited nuclei that was assumed to be very well understood for decades. represents the Born approximation result, which is valid for small nuclear charge numbers.
TABLES
In contrast to this, the DWBA calculation yields a nearly isotropic distribution. One can also deduce the influence of the nuclear size (full line) which is compared to the point nucleus result (dashed line). The error quoted in the experimental value of ǫ = 0.83 ± 0.03 is solely of statistical origin. 
